We demonstrate that reactive oxygen species (ROS) plays an important role in the process of apoptosis in human peripheral blood mononuclear cell (PBMC) which is induced by the radiation of 900 MHz radiofrequency electromagnetic field (RFEMF) at a specific absorption rate (SAR) of ∼0.4 W/kg when the exposure lasts longer than two hours. The apoptosis is induced through the mitochondrial pathway and mediated by activating ROS and caspase-3, and decreasing the mitochondrial potential. The activation of ROS is triggered by the conformation disturbance of lipids, protein, and DNA induced by the exposure of GSM RFEMF. Although human PBMC was found to have a self-protection mechanism of releasing carotenoid in response to oxidative stress to lessen the further increase of ROS, the imbalance between the antioxidant defenses and ROS formation still results in an increase of cell death with the exposure time and can cause about 37% human PBMC death in eight hours.
Introduction
Mobile phones have been widely used in popular telecommunication and medical telemetry systems. The tremendous use of mobile phone has drastically increased the amount of radiofrequency electromagnetic field (GSM RFEMF) exposure in our daily lives. To ensure telecommunication in anywhere, various kinds of mobile phone relay stations or devices need to be placed inside or near living/working and residential areas. It makes people have the possibility to be exposed to the RFEMF radiation almost every moment. Thus there is a major concern about the effects of RFEMF radiation exposure on human health. Despite previous studies, our knowledge on these effects is still inadequate and strong debates continue [1] [2] [3] [4] [5] .
Among the various health effects of GSM RFEMF exposure, the formation of reactive oxygen species (ROS) and increased oxidative stress are those proposed mechanisms that can explain the link between RFEMF radiation and possible harmful effects on human health. It was found that RFEMF could induce ROS formation in animal brain, cortical neurons, spleen, blood serum, and human semen [6] [7] [8] [9] [10] . The purpose of this study was to investigate the extent of ROS formation and oxidative DNA damage as well as cell apoptosis caused by RFEMF on human peripheral blood mononuclear cell (PBMC). PBMC cells are a critical component in the immune system to fight infection and adapt to intruders. They also play significant roles in neurodegenerative diseases and aging [11] [12] [13] [14] . Therefore, investigation of whether and how oxidative stress activates in PBMC under the exposure of RFEMF radiation can help to further clarify its effects on human health.
In this study, isolated fresh human peripheral blood mononuclear cells were exposed to the radiation of 900 MHz GSM RFEMF at a specific absorption rate (SAR) of 0.4 W/kg for 1 h, 2 h, 4 h, 6 h, and 8 h. The specific absorption rate was chosen to mimic the situation that people usually may absorb in an environment within a distance of 20 meters from mobile phone relay stations, or occupationally in an equipment room of microwave communication, or around a 2 Oxidative Medicine and Cellular Longevity surveillance radar [15] [16] [17] . It is also the occupational exposure restriction suggested by the International Commission on Non-ionizing Radiation Protection and some national radiological protection boards [18, 19] .
To detect the intracellular ROS activation in the exposed cells, fluorescent dye DCFH was used as the probe in flow cytometry. The caspase-3 activity of the cells was assessed by colorimetric assay, while the cell apoptosis was analyzed by flow cytometry with FITC-Annexin V/Propidium Iodide (PI) double staining. To assess DNA damage of human PBMC and reveal the mechanism of the effect of RFEMF radiation, confocal Raman microspectroscopy was also employed.
Material and Methods

Sample and Reagents.
Study on blood of volunteers (providing informed written consent) was proved by Jinan University Animal Care and Use Committee conforming to the Chinese Public Health Service Police on Human Care and Use of Laboratory Animals.
Normal peripheral blood was obtained from healthy nonsmoking adult volunteers aging 25.3 ± 0.8 by venipuncture and poured into heparinized tubes. The blood samples were anticoagulated with heparin lithium. After centrifugation, the peripheral blood monocytes in the middle cloud layer were taken out, washed twice repeatedly, and then resuspended. The cell survival rate was >98% estimated by Trypan blue staining.
Annexin V/PI double-staining kit was purchased from Bender Company, USA. The fluorescent dye DAPI was from Roche, USA. The mitochondrial membrane potential detection kit (JC-1), ROS detection kit, Bradford protein concentration assay kit, and caspase-3 colorimetric assay kit were all purchased from Beyotime Institute of Biotechnology, China.
Exposure of Human PBMC Samples to RFEMF.
200 μL of PBMC samples with cell density of 1.5 × 10 6 /L was placed in each well of a culture plate. Then they were exposed to the radiation emitted by a VS401A RF RFEMF emitter (Shenzhen Weikete Technology Company, Ltd. China) at a specific absorption rate of 0.43 W/kg at 37
• C for 1 h, 2 h, 4 h, 6 h, and 8 h. The radiation distributed uniformly on the sample and the SAR was determined using the conductivity of the PBMC sample σ, the RFEMF electric field strength E at the determined point, and the mass density of the sample ρ m in the follwoing form: SAR = σE 2 /ρ m . In the experiment, σ was found to be 0.229 ± 0.001 (S/m), E was 43.42 (V/m), and ρ m was 1.011 ± 0.006 (g/mL). Therefore, SAR was estimated to be 0.43 W/kg.
Cell Apoptosis
Detection. 5 μL FITC-Annexin V and 10 μL PI were added to 100 μL cell suspension with cell concentration of 1 × 10 6 /mL. The mixture was incubated for 15 minutes in dark at room temperature. Then they were washed with binding buffer twice and adjusted again to the cell concentration of 1 × 10 6 /mL. The cell apoptosis was analyzed using an FACS Aria flow cytometry (BD company, USA) within 1 hour.
ROS Detection.
The exposed cells were collected and the supernatant was removed by centrifugation. Thereafter the cells were resuspended and 5 × 10 5 cells were collected. They were centrifuged again to remove the supernatant and then added into 500 μL diluted DCFH-DA. The mixture was incubated for 20 minutes at 37
• C and then washed twice. The samples were later analyzed with flow cytometer within 1 hour. An Ar + laser with 488 nm wavelength was used as the excitation light and 525 nm was the receiving wavelength to obtain the proportion of the fluorescent cells.
Caspace-3 Activity
Detection. The caspace-3 activity of the exposed cells was evaluated using the caspase-3 colorimetric assay kit and the assessment was performed according to the manufacturer's recommendations. The ratio of the OD value of the sample and that of the control group were taken to evaluate the caspase-3 activity.
Mitochondrial Membrane Potential Determination. (10-60) ×10
5 exposed cells were resuspended and mixed with the JC-1 staining working solution. The mixture was incubated at 37
• C for 20 minutes and then centrifuged for 3-4 minutes to remove the supernatant. The mixture was washed twice with buffer solution and then the cells were resuspended with the buffer solution. The fluorescence of the cells was imaged using a Nikon TE300 inverted fluorescence microscope.
DNA Damage Detection by Raman Spectroscopy.
The Raman spectra of PBMC were recorded by a JY RAM INV system using 514.2 nm excitation line from an Ar + ion laser through an inverted Olympus optical microscope with a ×60 objective. The acquisition band was 600∼1800 cm −1 with a spectrum resolution of 1 cm −1 . At least 35 cells were measured for each group of the exposed PBMC sample.
Data Processing.
The PBMC cells were from the blood samples of 6 volunteers (3 males and 3 females). Each sample contained 10000 cells. All data were averaged from the results of five parallel samples; each sample was detected three times. The final result is denoted by − x ± s. SPSS 13.0 was used for statistical analysis of the data, in which P < 0.05 was regarded as significantly different.
Results
ROS Activation.
The flow cytometric results of human PBMCs' ROS activation are shown in Figure 1 . Figure 1 
3.2.
Caspace-3 Activity. The variation of caspacse-3 activity in human PBMCs with radiation time is shown in Figure 3 . Within the first 2 h radiation, the change of caspase-3 content was not evident (P > 0.05 versus control). However, when the cells were radiated longer than 2 h, the caspase-3 activity became significantly increased (P < 0.05 versus control). The activity of caspase-3 at the 6th h was 6 times as that of control group. But at the 8th h, the caspase-3 activity declined significantly compared with that at the 6th h (P < 0.05). Figure 4 illustrates the mitochondrial staining of human PBMCs. The PBMCs in the control group (not exposed to electromagnetic radiation) emitted bright orange-red fluorescence with few emitting green fluorescence. The red fluorescence intensity of the cells weakened while the proportion of the green fluorescence cells increased in the images taken from the 2nd h to the 6th h, indicating a decline of mitochondrial potential in the cells during the period. However, it slightly went up at the 8th h. Figure 5 shows the flow cytometric analysis of apoptosis in human PBMC using FITC-annexin V and PI double staining, and Figure 6 illustrates the apoptotic rates of the exposed cells. It can be seen that neither early apoptosis (Annexin V+/PI−) nor late apoptosis (Annexin V+/PI+) was evident (P > 0.05 versus control) in the 1st h. When the exposure lasted longer than 2 h, the apoptotic rates increased evidently. The early apoptotic rate increased to 12.2% ± 3.3% and 21.5% ± 5.2% (P < 0.05 versus control), respectively, at the 2nd h and 4th h. At the same time, the late apoptotic rate increased to 2.2% ± 0.8% and 5.0% ± 1.6% (P < 0.05 versus control). Compared with the early apoptotic rate at the 4th h, there was no significant increase (P > 0.05 versus the 4th h) at the 6th h, whereas the late apoptotic rate began to decrease at the time. At the 8th h, the early apoptotic rate decreased from 21.2%±4.9% (at the 6th h) to 10.4%±5.0% (P < 0.05 versus the 6th h). Figures 6(a) and 6(b) information about the variations of early and late apoptotic rates of human PBMC with radiation time.
Mitochondrial Potential.
Human PBMC Apoptosis.
Raman Spectra.
Two kinds of Raman spectra were obtained from the exposed cells. One contains weak signal of carotenoid but the other one contains strong signal of carotenoid. Both of them are shown in Figure 7 , with peaks at 1157 and 1525 cm −1 being the bands of carotenoid. The spectra with strong signal of carotenoid were observed only in the samples being exposed longer than one hour but not found in the control group. The proportion of the spectra with strong signal of carotenoid thereafter increased with radiation time and become 60% of all the observed ones in the 4th h. This indicates that the carotenoid releasing in the exposed cells was a reaction to the exposure.
Besides the bands assigned to carotenoid, the bands assigned to DNA (787, 1258, and 1579 cm −1 in Figure 7 (a); 787, 952, 1491, and 1581 cm −1 in Figure 7(b) ) and the bands assigned to protein (1004, 1450, 1616, 1661, and 1678 cm −1 ) also change evidently with radiation time. Figure 8 illustrates the result of cell counting on the exposed human PBMC as a function of radiation time. We can see that the number of cells constantly decreases within six hours and then significantly reduces from the 6th h to the 8th h. At the 8th h, about 37% of the exposed cells had died.
Cell Counting.
Discussion
From the results we can see obviously that cell apoptosis can be induced in human peripheral blood mononuclear cell (PBMC) by the radiation of 900 MHz GSM RFEMF at a specific absorption rate of ∼0.4 W/kg when the exposure lasts longer than two hours. Using the data about ROS activation, caspacse-3 activity, mitochondrial potential and the Raman spectra of DNA and proteins, we can figure out the mechanism of the cell apoptosis as follows. The exposure to the radiation of 900 MHz GSM RFEMF can induce a series changes in the protein, lipid, and DNA structure. These changes include (1) broken carbon-hydrogen bond of lipid and protein (indicated by the intensity decrease at 1130 cm −1 in the Raman spectra), (2) damage of the protein side chain (Phe, Tyr, indicated by the intensity decrease at 1616 cm −1 in the Raman spectra), (3) destruction of the protein secondary structure such as reducing α-helix and β-sheet and increasing random coil (indicated by the intensity decreases at 1264 cm −1 and 1678/1680 cm −1 in the Raman spectra), and (4) DNA damage (indicated by the intensity decreases at 952 cm −1 and 1491 cm −1 and intensity increase at 1579 cm −1 in the Raman spectra). All these changes influence the stability of the protein conformation, so that the proteins cannot perform their normal function to get rid of the excess ROS. The imbalance between ROS formation and antioxidant defenses results in oxidative stress in human PBMC, thus inducing mitochondrial permeability transition pore (mPTP) opening [20, 21] . The opening of mPTP declines the mitochondrial potential, thereby triggering the caspacse-3 activity and finally inducing cell apoptosis [22] [23] [24] [25] [26] . The apoptosis was mainly early apoptosis, with less than 6% of the cells being late apoptosis. This is the so-called mitochondrial pathway of apoptosis and has been demonstrated step by step by our experimental results. As described previously, the ROS activation was induced by DNA damage and the disturbance on protein and lipid conformation, suggesting that DNA, protein, and lipid probably are the targets of the GSM RFEMF radiation on human PBMC. On the other hand, human PBMC seems to have a self-protection mechanism of releasing carotenoid in response to oxidative stress to inhibit the further increase of ROS. However, it cannot stop the process of cell death if the exposure continues. The number of cells even decreased faster in the period from the 6th h to the 8th h as shown in Figure 8 . A possibility is that the amount of releasing carotenoid was not enough to against the excessive ROS generation. Another possibility is that, besides cell apoptosis, human PBMC has another cell death process induced by the GSM RFEMF exposure. It is oncosis [27] [28] [29] and was proved by our experiment of cell morphological observation on the exposed human PBMC (data not shown). Therefore, the cell number continuously decreased from the 6th h to the 8th h even though the number of apoptotic cells had already decreased in the period. We will not discuss the mechanism of the cell oncosis in human PBMC here but will leave it for a future paper. Finally, we strongly ask for more concern on the possible hazardous health effects of exposure to the radiation of GSM RFEMF emitted from the mobile phone Oxidative Medicine and Cellular Longevity relay stations or devices as it can cause 37% human PBMC death in eight hours.
Conclusions
We have demonstrated that cell apoptosis can be induced in human PBMC by the radiation of 900 MHz GSM RFEMF at a specific absorption rate of ∼0.4 W/kg when the exposure lasts longer than two hours. The apoptosis is induced through the mitochondrial pathway and mediated by activating ROS and caspase-3, and decreasing the mitochondrial potential. The activation of ROS is triggered by the conformation disturbance of lipids, protein, and DNA induced by the exposure to GSM RFEMF. Although human PBMC has a self-protection mechanism of releasing carotenoid to inhibit further increase of ROS, if the exposure continues, the imbalance between the antioxidant defenses and ROS formation still results in an increase of cell death with the exposure time. These findings not only clarify the effect of GSM RFEMF on human health but also reveal its mechanism. We hope that it will help people to realize the possible hazardous health effects of exposure to GSM RFEMF radiation emitted from the mobile phone relay stations or devices in their living/occupational environment.
